We derive bounds on nine dimension-six operators involving electroweak gauge bosons and the Higgs boson from precision electroweak data. Four of these operators contribute at tree level, and five contribute only at one loop. Using the full power of effective field theory, we show that the bounds on the five loop-level operators are much weaker than previously claimed, and thus much weaker than bounds from tree-level processes at high-energy colliders.
Introduction
The discovery of the Higgs boson at the LHC finally completes the Standard Model. The next step is the discovery of physics beyond the Standard Model. This can be done directly by searching for new particles, or indirectly by searching for new interactions of the Standard Model particles. Indirect searches for new physics can be done model-independently by means of effective field theory [1, 2, 3] .
An effective field theory is a low-energy approximation of a higher-energy theory. By integrating out high-energy degrees of freedom, one obtains a low-energy theory that includes additional effective interactions which involve only low-energy fields. One obtains a perturbative expansion in which effective interactions, or operators, are suppressed by inverse powers of the mass scale of the physics which has been integrated out. If, as in our case, one does not know the high-energy theory, a complete operator basis can be written down at each order.
The Standard Model operators have mass dimension four or less. The only possible operator of dimension five generates Majorana neutrino masses and does not concern us here [4] . Thus, the lowest-dimension effective operators are of dimension six. We can write down an effective field theory which extends the Standard Model in the following form
where the O i are dimension-six operators, Λ is the mass scale of new physics, and the c i are dimensionless coefficients that reflect our ignorance of the high-energy theory. This expansion reduces to the Standard Model in the limit Λ → ∞. A complete basis of operators O i comprises operators which are independent with respect to equations of motion and which are SU (3) × SU (2) × U (1) gauge-invariant [2, 5] . Aside from reducing the number of independent operators, this latter condition guarantees a consistent framework for performing loop calculations. That is, divergences produced by an operator at a given order in 1/Λ can always be absorbed by other operators at the same order in 1/Λ. Thus the renormalization program can be carried out, order-by-order, in any complete effective field theory. In this paper we use the precision electroweak data in Table 1 to calculate bounds on nine dimension-six operators containing only gauge boson fields and Higgs doublets. All contributions from the nine operators can be represented as gauge boson self-energies, also called oblique corrections [8, 9] . Five of the operators contribute only at one loop; the four remaining operators contribute at tree level and must be included in order to absorb one-loop ultraviolet divergences from the other five operators.
Similar analyses have been done previously [10, 11, 12, 13] . These previous analyses did not appreciate that unambiguous bounds can be obtained on the five loop-level operators. 1 We recently showed that the bounds on two of these five operators are much weaker than had been obtained in previous analyses [15] . In this paper we extend this analysis to all five of the loop-level operators.
Because precision electroweak data are taken at "low" energies, around the Z boson mass or below, there will often be significant suppression of operator contributions, of the order
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2 , whereŝ is the usual Mandelstam variable. Furthermore, the five operators contributing only at one loop receive an additional suppression of 1/(4π) 2 . It is therefore reasonable to ask what advantages precision measurements offer. For one, electroweak data is known to far greater precision than high-energy collider data from the Tevatron and LHC. In addition, the effective operator contribution is not always energy-dependent; it is often proportional to v 2 /Λ 2 . In this case, there is no disadvantage to using low-energy data. 2 We therefore perform this analysis both as an illustration of the power of effective field theory and in order to compare our loop-level results with tree-level results from high-energy colliders.
In Section 2, we discuss the nine effective operators to be examined in this paper. In Section 3, we outline the framework for computing the effect of oblique corrections on electroweak observables. We present bounds on the effective operators in Section 5, and conclude in Section 6.
Electroweak Effective Operators
In this paper, we are interested in the effects of new physics on precision electroweak data. Here we examine the set of operators that involves only gauge and Higgs bosons. Five of these contribute only at one loop [12] : The one-loop self-energies above contain ultraviolet divergences. The following set of four operators, all of which affect self-energies at tree level, is sufficient to absorb all divergences from the operators of Eq. (2) [12]
One-Loop Bounds from Precision Electroweak Data
The operators of Eq. (2) affect the precision data only through gauge boson self-energies and fermion-fermion-boson vertices. Table 2 shows the diagrams which contribute. The vertex corrections and self-energies always contribute to observables in the same gauge-invariant combinations [12] 
where the Π XY are the transverse parts of the gauge boson self-energies, s and c are the sine and cosine of the weak mixing angle, and the δΓ i are the fermion-fermion-boson vertex corrections, defined as
where V denotes a neutral vector boson, and I f 3 denotes the third component of the fermion's isospin.
Modified self-energies contribute to precision electroweak data through corrections to the input variables α, m Z , and s 2 W . The correction to α depends upon the type of vertex; these corrections will be labeled δα γ , δα Z , or δα W , depending on the mediating boson. The modified self-energy between bosons X and Y is denoted Π XY in the expressions below:
where where
Renormalization of Tree-Level Operators
All divergences generated by the one-loop contributions of the operators in Eq. (2) can be removed by a suitable renormalization of the coefficients c BW , c
φ , c DW , and c DB . The renormalized tree-level coefficients, in the MS scheme, are
where the superscript "0" indicates the bare coefficient.
Results
We now take all of the self-energy corrections from Appendix A and compute oblique corrections to the precision electroweak observables listed in Table 1 . We use the following values for input parameters The masses of all other fermions are neglected. We set the renormalization scale to µ = M Z in the tree-level coefficients. We use the χ 2 statistic to compute bounds on the operators.
where σ ij is the error matrix, and
where the sum on k runs over all loop-and tree-level operators. We begin by writing χ 2 in the following way
where the i, j sum is over all nine operators. Theĉ i are best-fit values. We then arrive at 1σ bounds by solving the equation
It is cleanest to diagonalize the matrix M and present bounds on the nine linearly independent combinations of operators. Those bounds appear below 
We find that the tree-level and loop-level bounds are essentially decoupled from each other, as evidenced by the nearly block-diagonal form of the above matrix. The first four bounds represent bounds on linear combinations of tree-level operators and are very tightly constrained. The final five are bounds on linear combinations of loop-level operators. These bounds are weaker than the tree-level bounds by 2 to 3 orders of magnitude or more. All of the coefficients are consistent with zero at 2σ.
We can also calculate bounds on the loop-level coefficients by first setting the tree-level coefficients to the values (as a function of the loop-level coefficients) that minimize χ 2 . We again write this new χ 2 in matrix form
where {c tree } is the set of all tree-level operators, and the sum on i, j runs over all loop-level operators. We then follow the same procedure as before to arrive at bounds on the loop-level operators 
Conclusions
The bounds we have obtained on the loop-level operators are much weaker than the bounds obtained in similar previous analyses [11, 12, 13] . These analyses set the renormalized treelevel coefficients to zero rather than letting them float. This is an unjustified assumption, as these coefficients are renormalized by the one-loop coefficients, as discussed in Section 4. Thus the results of these previous analyses are specious, as we discussed in Ref. [15] . We discuss this further in Appendix B.
We found in Ref. [15] that the bounds on the loop-level operators O BB and O W W from precision electroweak physics are much weaker than the bounds from tree-level processes involving the Higgs boson. The analogous result holds for the other three loop-level operators, O W W W , O W , and O B ; they are much more strongly constrained by tree-level processes involving the triple gauge boson vertex [6] . Thus the bounds on the bosonic operators from a one-loop analysis of precision electroweak data cannot compete with the bounds obtained from tree-level processes at high-energy colliders.
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A Self-Energies
The self-energies given below have not been calculated previously in their entirety. The divergent parts, as well as terms proportional to m 2 h and ln m 2 h (in the large m h limit) were calculated in Refs. [11, 12, 13] , and we have confirmed these previous calculations.
A.1 Tree-Level Contributions
Π W W = − c DW Λ 2 2g 2 q 4 (35) Π ZZ = − c BW Λ 2 2m 2 W s 2 q 2 + c φ,1 Λ 2 v 2 2 m 2 Z − c DW Λ 2 2g 2 c 2 q 4 − c DB Λ 2 2g 2 s 4 c 2 q 4 (36) Π γγ = c BW Λ 2 2m 2 W s 2 q 2 − c DW Λ 2 2g 2 s 2 q 4 − c DB Λ 2 2g 2 s 2 q 4 (37) Π γZ = c BW Λ 2 m 2 W s c (c 2 − s 2 )q 2 − c DW Λ 2 2g 2 scq 4 + c DB Λ 2 2g 2 s 3 c q 4 (38)
A.2 One-Loop Contributions
The expressions below are given in terms of scalar integral functions A 0 , B 0 , and C 0 . Expressions for these functions are given in Appendix D of Ref. [16] O BB :
+3(8m coefficient c BW is fixed to its central value, however, the bound on c W W is given by the intercept of the solid ellipse with the horizontal axis, ±4.45 TeV −2 . This is a much tighter bound than the true bound of ±120. 
